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Abstract
Methane (CH4) is a highly potent greenhouse gas (GHG) found to contribute to the global 
problem o f atmospheric warming. Wetlands have been documented to possess the ability to 
impact the earth’s CH4 cycle yet are in a state o f global depletion. CH4 flux rates in wetlands 
have been found to vary within wetlands based on variability in environmental factors. There is 
a lack o f consensus on the effects o f water depth as well as dominant plant type on CH4 flux 
rates. In this study on Lake Wapalanne, Sussex County, NJ, submerged areas were found to 
produce CH4 while non-inundated, saturated areas harboring emergent vegetation were found to 
consume CH4. Shallow submerged areas produced significantly more CH4 (0.0114 mg CH4-C 
m'2 hr'1) than deeper submerged areas (0.0011 mg CH4-C m'2 hr'1) (p<0.0001). Non-inundated 
areas dominated by the invasive common reed Phragmites australis consumed more CH4 
(overall average flux o f -0.0815 mg CH4-C m^hr'1) than areas dominated by either Typha 
latifolia (-0.0805 mg CH4-C m'2 hr'1) or Carex spp. (-0.0334 mg CH4-C m'2 h r 1). However, the 
effects o f dominant emergent vegetation on flux lacked statistical significance. Findings from 
this study suggest the use o f emergent macrophytes during future wetland creation promote 
oxygenation o f sediments and subsequent CH4 oxidation. Depth maximization o f future wetland 
construction process is also suggested in order to minimize CH4 emission rates.
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Introduction
Alteration of the global carbon cycle has taken place over the last 200 years as a 
result of human activity (Falkowski et al. 2000). Global carbon stores are being released 
into the atmosphere as greenhouse gases (GHGs) mainly due to the burning of fossil fuels 
(Lassey and Harvey 2007). Increases in atmospheric GHG concentrations from carbon 
cycle alteration, as well as other human-induced atmospheric changes, have the potential 
to adversely affect earth’s climate on a global scale (IPCC 2013). Better GHG 
management is required to limit their effects. Wetlands may play a role in mitigating 
GHG influence on earth’s climate through their enhanced carbon sequestration abilities 
compared to other habitats through peat formation, sediment deposition, and increasing 
plant biomass (Bridgham et al. 2006).
Wetlands in both coastal and upland environments are being lost at catastrophic 
rates (Turner 1997; Gibbs 2000). Wetlands in upland areas are being dredged, drained, 
and filled in order to be used for human activities (Gibbs 2000). These human-induced 
changes along with global sea level rise are reducing the amount of wetlands in coastal 
areas (Turner 1997). The loss of wetlands means the loss of their associated ecosystem 
services such as water purification, nutrient retention, and acting as habitat and nursery 
grounds for biota, along with their carbon sequestration abilities as well (Hansson et al. 
2005). The construction of wetlands is now being utilized in order to regain some of 
these ecosystems services (Siracusa and La Rosa 2006)
Methane (CH4), a GHG both produced and consumed in wetlands (Segers 1998), 
has a high global warming potential when compared to other GHGs (IPCC 2007).
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Production and consumption rates in wetlands are highly variable and no general 
consensus has been reached on the environmental factors controlling these processes 
(Segers 1998). Water depth has been found to play a role in controlling CH4 flux through 
regulating sediment oxygen exposure. More deeply submerged sediments experience 
increased oxygen deprivation thereby increasing CH4 production (Rask et al. 2002). 
However, increased sediment temperature in shallower areas has also been shown to 
increase methanogenesis through stimulating microbial activity (Hoffman et al. 2010).
No consensus has been reached on whether changes in water depth promote either 
production or consumption across all wetlands.
The presence of vascular plants has also been shown to regulate CH4 flux by 
promoting production (Thomas et al. 1996) and in some cases promoting consumption 
(King 1994). Production may be enhanced through vascular plants increasing the supply 
of methanogenic substrate (Ding et al. 2004) and offering a transport method from below 
ground areas to the atmosphere through their internal gas transport system (Hirota et al. 
2004). However, this same internal gas transport system may promote CH4 consumption 
through oxygenation of below ground areas (Ding et al. 2004). Studying the effects of 
water depth and plant species on CH4 flux may offer insight into what environmental 
factors most strongly control flux rates within a single, freshwater wetland system.
Climate Change and Greenhouse Gases
Since 1750, concentrations of GHGs such as carbon dioxide (CO2), methane 
(CH4), and nitrous oxide (N2O) in earth’s atmosphere have been rising due to human 
activities (IPCC 2013). CO2 is naturally present in the earth’s atmosphere as part of the
10
carbon cycle. Human activities, mainly the combustion of fossil fuels for energy, have 
caused atmospheric concentrations to increase from a pre-industrial concentration range 
of 274 to 285 ppm (Etheridge et al. 1996) to an atmospheric concentration around 385 
ppm in 2009 (Figure 1) (Etheridge et al. 1998; Hansen et al. 2009). Atmospheric N2O 
concentrations have increased from 0.270 ppm to 0.319 ppm since industrialization 
(Figure 2) (Lassey and Harvey 2007). Rising concentrations of N2O are also due to the 
combustion of fossil fuels along with increased biological consumption of soil nitrogen 
caused by agricultural practices (Lassey and Harvey 2007).
Figure 1. Historical atmospheric CO2 concentrations from Law Dome, Antarctica ice 
cores (Etheridge et al. 1998).
The warming of Earth’s atmosphere is a direct result of rising GHG 
concentrations. When sunlight hits the earth’s surface, a portion of the solar radiation 
that enters the atmosphere is reflected back as infrared radiation in the form of heat. 
GHGs directly warm the earth’s atmosphere by absorbing this infrared radiation rather
than allowing it to escape back into space. Unprecedented observations have shown that 
since 1901, average surface temperature has increased 0.13°F per decade across the 
continental United States (USEPA 2012), with similar trends occurring globally. Models 
suggest that as GHG concentrations continue to rise, atmospheric warming will continue 
and have a litany of direct and indirect effects on earth’s systems (IPCC 2013). Some of 
these effects, such as sea level rise and ocean warming, have already been observed 
(IPCC 2013).
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Figure 2. Atmospheric N2O concentrations from pre-industrial times to present (Lassey 
and Harvey 2007)
Ocean warming represents one of the first observed direct changes in the earth’s 
systems due to atmospheric warming. Sea surface temperature has risen 0.4 to 0.8°C in 
the past century (Harley et al. 2006). A loss of ice sheet and sea ice mass has been 
observed at both of the earth’s poles along with a decrease in surface coverage (Stroeve 
and Serreze 2007; Velicogna 2009). In 2012, a record low sea ice coverage of 1.3 
million square miles was recorded (NSIDC 2012). Glacial ice around the world has also
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been lost to atmospheric wanning at a rate of approximately 275 Gt/yr from 1973-2005 
(IPCC 2013). Ice sheet loss has been observed in Greenland and was shown to accelerate 
with time (Figure 3) (Velicogna 2009). A 2-3°C increase in Arctic permafrost 
temperature has been observed globally along with decreases in thickness and aerial 
extent (USEPA 2012). Freshwater inputs from sea ice and ice sheet melt, as well as 
thermal expansion of surface waters, have caused an observable trend in sea level rise 
(Zwally et al. 2005). Global sea level has risen by about 20 cm between 1870 and 2008, 
with rates increasing over that time (Church et al. 2008). Another change in oceanic 
conditions due to changing atmospheric composition is a decrease in ocean pH. Inputs of 
CO2 from the atmosphere will diffuse into the ocean, altering the carbonic acid 
equilibrium equation thereby decreasing pH. Ocean pH is expected to decrease 0.3 to 0.5 
units over the next 100 years (Harley et al. 2006) and has the potential to reduce its 
buffering capacity.
Future climatic problems associated with the already observed effects of 
atmospheric warming are likely to arise. Changes in evaporation and evapotranspiration 
associated with atmospheric warming will likely cause annual mean precipitation in high 
latitude regions to increase and decrease in mid- to low-latitude regions (IPCC 2013).
The intensity of precipitation events is likely to become increasingly variable along with 
the frequency of droughts and floods (Dore 2005). Increases in sea surface temperature 
will likely cause increased tropical storm frequency and intensity (Webster et al. 2005).
A sea surface temperature over 26°C is required for tropical cyclone formation, and 
cyclone intensity is hypothesized to be driven by sea surface temperature (Webster et al. 
2005).
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Positive feedback cycles may cause rising atmospheric temperatures to accelerate 
warming rates. Decreasing ice coverage due to increasing atmospheric temperature 
lowers the albedo of a region (Laine et al. 2014). Less infrared radiation can be reflected 
with loss of the reflective ice surface, so warming rates increase, perpetuating the cycle. 
Changes in the yearly thaw depth or length of the thaw season in permafrost may also 
accelerate atmospheric warming by promoting CH4 emission (Nakano et al. 2000). 
Increased CH4 emissions will elevate current warming rates.
Figure 3. Ice sheet changes in Greenland estimated using GRACE satellite measurements 
(Velicogna 2009).
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Figure 4. Increasing CH4 concentrations in earth’s atmosphere from preindustrial times 
using ice core and atmospheric records (Etheridge et al. 1998)
CH4 as a Greenhouse Gas
CH4, the most abundant organic trace gas in Earth’s atmosphere, is a major 
contributor to atmospheric warming by acting as a GHG (Wuebbles and Hayhoe 2002). 
When compared to other GHGs, each molecule has the potential to directly warm the 
earth’s atmosphere 25 times more than each CO2 molecule over a 100-year period (Borrel 
et al. 2011). Ice record data, as well atmospheric records of CH4 concentrations show 
that since the start of industrialization the concentration of CH4 in the earth’s atmosphere 
has reached 1.774 ppm, doubling from preindustrial times (Figure 4) (Etheridge et al. 
1998; IPCC 2007). Atmospheric CH4 originates from both natural and anthropogenic 
sources. Anthropogenic sources include rice paddies, ruminants, landfills, wastewater 
treatment facilities, biomass burning, energy related activities, etc. (Lelieveld et al. 1998;
15
Whalen 2005). Natural sources include wetlands, termites, oceans, CH4 hydrates, etc. 
(Lelieveld et al. 1998). Approximately 20% of global CH4 emissions come from natural 
wetlands making them one of the most influential non-anthropogenic sources of 
atmospheric CH4 (Aselmann and Crutzen 1989; Yang et al. 2006). Total contributions of 
anthropogenic CH4 sources far exceed emissions from natural sources (Figure 5) (Atreya 
2010).
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Figure 5. CH4 sources on earth with percent contribution to total emission in earth’s 
atmosphere. Values compiled from IPCC 2007 (Atreya 2010).
Impacts of Climate Change
Climatic changes can have significant and varying effects on natural ecosystems 
as well as human life. Aquifer and other water resource depletion are likely to occur 
along with increased irrigation demands due to changing precipitation patterns and 
moisture regimes (Kumar 2012). Changes in precipitation frequency and intensity will 
cause aquifer recharge to be altered. Aquifers may receive less water with decreased
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precipitation intensity and frequency. Available aquifer recharge will be lost to surface 
runoff due to a lack of infiltration with increased intensity and frequency. Increases in 
evaporation will cause surface water resources to be lost at faster rates than previously 
observed. This also means that soil moisture will be lost at faster rates. Decreased crop 
yield is a likely consequence (Parry et al. 2004).
Shifts in species range have already been documented and further shifts are likely 
to occur along with changes in phenology and community structure in both terrestrial and 
aquatic ecosystems (National Research Council 2008). These range shifts occur due to 
the physiological tolerances of organisms (Parmesan 2006). Species have developed 
adaptations to live within a particular range of environmental conditions such as a certain 
temperature range or moisture tolerance. Climate change alters environments to a degree 
where they are no longer suitable for the survival of a particular species. The life cycle of 
an organism may also be altered by changes in environmental variables causing a range 
shift (Parmesan 2006). Changes in the timing of blooms or the length of the growing 
season may cause food items to become more or less available. This may have a 
cascading effect either up or down the food web (Walther et al. 2002).
CH4 Pathways
Atmospheric CH4 flux in wetlands is the net result of two contradictory soil based 
processes: 1) methanogenesis, the production of CH4 and 2) methanotrophy, the 
consumption of CH4 through oxidation (Wuebbles and Hayhoe 2002). The balance of 
these two processes will determine CH4 flux in a given wetland (Brix et al. 2001). Both
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processes are carried out by soil microbes and are dependent on the reducing condition of 
the soils, which will influence microbial community structure (USEPA 2010).
In aerobic soils, molecular oxygen can be used as an electron acceptor during 
cellular respiration. Under anaerobic soil conditions molecular oxygen is unavailable for 
this purpose and alternate terminal electron receptors must be utilized (Kohen and Nyska 
2002). Anoxic environments where oxygen must utilize from these alternate receptors 
are known as reducing conditions (Kohen and Nyska 2002). Reduction potential (redox 
potential) is the measure in millivolts (mV) of how easily electrons can be acquired from 
alternate receptors for cellular respiration (Whalen 2005). Increasingly negative mV 
signals mean electrons are more easily gained from alternative receptors (Whalen 2005).
Anaerobic conditions occur in saturated and inundated soils. Oxygen depletion 
initially results from the low solubility of oxygen in water (McBride 1994). Oxygen is 
further depleted through consumptive microbial activity. Reduction reactions in 
saturated and inundated soils follow a known sequence as molecular oxygen depletion 
takes place and redox potential decreases (Kohen and Nyska 2002). Reduction reactions 
occur until all molecules of a particular chemical species are reduced, allowing for a 
different reduction reaction to occur. Redox potential decreases as the total number of 
alternate terminal electron receptors decreases (Kohen and Kyska). At a neutral pH of 7, 
after oxygen depletion has occurred, nitrate reduction is the first reduction reaction to 
begin at a millivolt signal under +300 mV followed by manganese reduction (McBride 
1994; Reddy et al. 2000; Szogi et al. 2004). Ferrous iron begins reducing to ferric iron 
under +120 mV and continues until redox potential becomes negative and sulfate 
reduction begins between 0 and -200mV (McBride 1994; Szogi et al. 2004). CH4
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production through the reduction of CO2 only occurs under extreme reducing conditions, 
at a redox potential below -200mV, after all other potential terminal electron receptors 
have been reduced (Chowdhury and Dick 2013).
The production of CH4 is a process carried out by microorganisms from the 
domain Archaea known as methanogens (Chowdhury and Dick 2013). These organisms 
produce CH4 as a byproduct during their metabolic process when decomposing organic 
matter to obtain energy under anaerobic conditions (Thauer 1998). There are three main 
metabolic pathways for production. The first is hydrogenotrophic methanogenesis where 
hydrogen (H2) is used to reduce C02 into CH4 (Whalen 2005). During acetoclastic 
methanogenesis acetate is converted into CH4 and C02 (Borrel et al. 2011). CH4 is 
produced in the final pathway, methylotrophic methanogenesis, when a methyl group is 
reduced by methyl-coenzyme M and then reduced to CH4 (Borrel et al. 2011).
CH4 can potentially be removed from a system via oxidation by bacteria called 
methanotrophs (Chowdhury and Dick 2013). Methanotrophs have the ability to exist and 
oxidize CH4 in both aerobic and anaerobic environments (Hanson and Hanson 1996). 
However, anaerobic methanotrophs only oxidize a small amount of CH4 and do so while 
CH4 is being produced (Zehnder and Brock 1980). Anaerobic methanotrophs are often 
found in areas containing large CH4 reservoirs such as methane seeps and hydrates found 
in marine environments (Schubert et al. 2006) but have also been documented in 
freshwater lakes (Zehnder and Brock 1980) as well as other freshwater wetlands (Zhu at 
al. 2012). Aerobic methanotrophy remains the dominant and key process in the 
counteraction of CH4 production (Chowdhury and Dick 2013).
19
Aerobic methane oxidation takes place in environments where molecular oxygen 
is readily available. The only source of energy for methanotrophs is CH4 and they use O2 
as an electron acceptor during the metabolic process (Ding et al. 2005). Upland soils are 
known CH4 sinks with well-documented aerobic methanotrophic communities due to 
their well-drained, oxic conditions (Von Fischer et al. 2009). In wetland soils, aerobic 
methanotrophs occupy the interface at which the aerobic and anaerobic soil or sediment 
layers meet vertically in the soil profile (King 1990; Bender and Conrad 1995; Watson et 
al. 1997). During periods of anoxia these bacteria no longer consume CH4 and utilize 
only their anaerobic survival metabolism (Hanson et al. 1992; Roslev and King 1996). 
This means that soils without sufficient oxidation will have less CH4 consumption by 
methanotrophs and act as a source. Highly oxygenated soils in any environment will 
have sufficient oxidation occurring where they can act to remove CH4 from the 
atmosphere (Chowdhury and Dick 2013).
Effects of Water Depth on CH4 Fluxes
Water level in wetlands has been directly correlated with CH4 flux (Rask et al 
2002). Research on boreal forest wetlands has shown significant differences in flux rates 
among sites when comparing the fen edge, shallow water, and deep water regions (Rask 
et al. 2002). Areas with lower water levels above the sediment surface exhibited lower 
flux rates than areas with deeper water (Rask et al. 2002). These differences associated 
with degrees of inundation have to do with exposure to oxic conditions. As water level 
decreases, the amount of oxygen able to reach underlying sediments increases and 
negatively affects CH4 flux (Rask et al. 2002).
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Increases in standing water depth can contribute indirectly to increased CH4 
emissions by increasing the supply of methanogenic substrate. Ding et al. (2002) found 
that increasing the level of inundation within a wetland increases the amount of plant 
litter inundated. Increases in the amount of substrate along with decreased oxygen 
exposure may increase CH4 flux. Similar results were found in a 2003 study along with 
water level determining dominant emergent plant type within wetlands (Ding et al. 2003).
Lakes are known to have large volumes of available organic matter and the 
reducing conditions conducive to methanogenesis (USEPA 2010). The organic matter 
comes in the form of primary production from algae and vascular as well as non-vascular 
plants. Reducing conditions resulted from inundation prevent oxygen from diffusing into 
underlying sediments. Lakes are potentially responsible for 6-16% of natural CH4 
emissions worldwide (Bastviken et al. 2004; Borrel et al. 2011) while only covering 0.9% 
of the earth’s surface (Downing et al. 2006; Borrel et al. 2011). Lakes in climates 
ranging from tropical to arctic have been observed to release CH4 into the atmosphere 
from their open water areas (Cole et al. 1994; Hope et al. 1996; Striegl and 
Michmerhuizen 1998; Jonsson et al. 2003; Xing et al. 2005; Bergstrom et al. 2007; 
Marani and Alvala 2007; Zhu et al. 2010).
Littoral zones release more CH4 per unit area and act as biogeochemical “hot 
spots” when compared with pelagic zones (Juutinen et al. 2003; Kankaala et al. 2004; 
Hirota et al. 2007; Zhu et al. 2010). Differences in flux between lake littoral zones and 
deeper water areas can be attributed to differences in water depth. Decreased water depth 
in lake littoral zones allows for relatively higher sediment temperatures when compared
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to deeper water areas (Hofmann et al. 2010). Higher sediment temperatures may allow 
for microbial stimulation and increased CH4 production.
In lakes, CH4 can be transported into the atmosphere by diffusion from the soil or 
water surface, bubbles originating from the sediment, known as ebullition, from 
submerged or exposed areas or by plant mediated transport (Martinez and Anderson 
2013). During diffusion, CH4 passively moves from the sediment or water surface to an 
area of lower concentration in the atmosphere in an effort to achieve equilibrium. 
Diffusion is the least effective mode of transport, transferring the smallest amount of CH4 
per unit time compared to other modes of transport (Hoffman et al. 2010). Ebullition is 
more effective at transporting CH4 and was found to account for 98% of emissions 
compared to 2% by diffusion in a Panamanian lake (Keller and Stallard 2012). In the 
same study, bubbling was shown to increase with decreased water depth. Plant mediated 
transport is also a passive diffusive process but occurs through the plants internal gas 
transport system instead of at the sediment surface. When pockets of CH4 below the 
sediment surface become too large to be supported by the overlying sediment, ebullition 
occurs. This is due to the fact that CH4 gas is lighter than water and will float to the 
surface.
Effects of Vegetation on CH4 Fluxes
Special attention should be paid to vegetation regulating CH4 flux rates. In some 
wetland areas, 50-90% of CH4 efflux can be attributed to vegetation with rates based on 
plant species, time of year, and time of day (Thomas et al. 1996). Flux rates can either 
increase or decrease due to vegetation. Increases in CH4 flux have been linked to a
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variety of plant related attributes. Net CH4 emissions are largely controlled by gas 
transport through the internal systems of plants (Hirota et al. 2004). Consequently, areas 
containing vascular plants have been found to have much higher CH4 efflux than areas 
lacking them (Thomas et al.1996).
Different types of vascular plants will affect CH4 flux differently. These 
differences can be attributed to variability in growth forms among plant species (Hirota et 
al. 2004). Ding et al. (2005) found that freshwater cyperaceous plants (e.g. Carex spp.) 
enhance CH4 transport into the atmosphere compared to gramineous plants (e.g.
Deyeuxia angustifolia) (Ding et al. 2002). This is most likely due to a more developed 
gas transport system in cyperaceous plants that normally inhabit wetlands. Hirota et al. 
(2004) demonstrated that areas dominated by common mare’s tail (Hippirus vulgaris) or 
Carex allivescers had higher CH4 flux rates than areas dominated by the Chinese bulrush 
species (Scirpus distigmaticus). Hippirus vulgaris and Carex allivescers root systems 
penetrate deeper than the root system of Scirpus distigmaticus (Hirota et al. 2004) 
allowing them to reach a more anaerobic, CH4 rich soil layer and transport it into the 
atmosphere. The shallow root system of the Scirpus species resides in the shallower, 
more oxygenated soil where less CH4 is produced and available for transport (Hirota et 
al. 2004). A large portion of CH4 produced under anaerobic conditions, 30-90%, is 
oxidized prior to its release (Holzapfel-Pschom et al. 1986; Bosse and Frenzel 1998; 
Ding, et al. 2005). This is due to emergent plant presence and the large range has been 
attributed to differences in soil oxidation among plants species (Holzapfel-Pschom et al. 
1986).
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CH4 production may be enhanced through plants supplying organic substrate for 
decomposition through their root systems (Ding et al. 2004). This relationship is a result 
of higher root exudate sugar concentrations being used as methanogenic substrate in 
plants with higher root biomass (Neue et al. 1996). Laboratory experiments have shown 
that plants with higher root biomass emit CH4 at higher rates (Kerdchoechuen 2005).
Soil microbial respiration is also positively correlated with plant carbon inputs (Sutton- 
Grier and Megonigal 2011), suggesting that root exudate sugars can stimulate the 
microbial methanogenic process.
CH4 emissions can also differ due to individual plant life stages. Gogoi et al. 
(2008) found that rice species root biomass increases 5-17 times around the time of 
flowering with similar trends seen in above ground biomass. Rising CH4 emissions were 
observed in conjunction with elevated biomass (Gogoi et al. 2008). Positive correlations 
have been observed between CH4 emission and both above and belowground biomass 
within rice species (Gogoi et al. 2008). Similar trends have been seen in Spartina 
alterniflora dominated salt marshes. CH4 flux has been shown to increase with increased 
Spartina growth (Zhang and Ding 2011).
Oxygen transport from the atmosphere into the soils through plant aerenchyma 
allows for in situ CH4 oxidation and may have a negative effect on rates of CH4 
production (King 1994; Ding et al. 2004). Molecular oxygen diffuses passively through 
the plant from the atmosphere into the roots and surrounding soil in vascular wetland 
macrophytes (Bendix et al. 1994). Oxygen concentrations in wetland sediments are 
higher in the rhizosphere and decrease with increasing distance from it implying that 
sediments in areas without rooted plants are less oxygenated and more likely to produce
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CH4 (Lai et al. 2012). Root oxygen release is highly variable due to species-specific 
differences, seasonal variation, and differences in quantification techniques (Brix 1997; 
Wu et al. 2001). A study on the Hudson Bay peatlands shows 3 to 30% higher CH4 
emissions in non-vegetated compared to vegetated areas (Hamilton et al. 1994). Greater 
above and belowground biomass may also lead to increased soil oxygenation and 
decreased CH4 fluxes (Brune et al. 2000; Kao-Kniffin et al. 2010). A laboratory study 
showed that CH4 emissions decreased with increased biomass in three different plant 
species: Carex rostrata, Eriophorum vaginatum, and Juncus effusus (Strom et al. 2005).
Passive molecular diffusion is not the only means of oxygen transport in vascular 
wetland macrophytes. Throughflow convection is able to supplement and possibly even 
dominate diffusive transport in some emergent and floating plant species (Bendix et al.
1994). Throughflow convection is a result of a pressure differential between the plant’s 
internal lacunal system and the external environment causing air to enter the plant, travel 
down through the rhizomes, and vent back into the atmosphere through another, often 
dead or broken part of the plant (Brix 1994a). These pressure differentials can be 
thermally induced with higher temperatures, causing higher pressure outside the plant and 
forcing gases into the plant’s internal low-pressure environment (Brix 1993). Humidity- 
induced convection is common and has been documented in Phragmites australis as well 
as Typha latifolia (Bendix et al. 1994; Armstrong et al. 1996). Humidity is higher in a 
plant’s interior than its exterior diluting, internal oxygen and nitrogen concentrations 
causing diffusion of air into the plant from the atmosphere and allowing for oxygenation 
(Armstrong et al. 1996). Convection can also be initiated by wind in Phragmites 
australis (Armstrong et al. 1996). This phenomenon, called Venturi-induced convection,
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occurs when wind blows across tall, dead culms creating suction and drawing gases into 
the rhizomal system through broken culms that are nearer to the ground (Brix 1994a). 
Unlike humidity and thermal induced flow, Venturi-induced through flow can continue to 
operate in dead and damaged plants since it does not depend on specific, live and intact 
plant tissue (Brix 1994a). It can also act at night and in the winter when gradients in 
water vapor or temperature are negligible or lacking (Brix 1994a). No convective flow 
has been documented in Carex species.
Other Factors Influencing CH4 Fluxes
Several other environmental factors, both biotic and abiotic, influence CH4 flux 
rates. Temperature, primary production, and water table level are among these factors 
(Ding et al. 2002; Yang et al. 2006). Increases in temperature will stimulate microbial 
activity and increase flux rates while temperature decreases will stymie microbial activity 
as well as primary production (Borrel et al. 2011). Schwarz et al. (2008) showed 
additions of algal biomass lead to increased methanogenic decomposition in lake 
profundal zones. Increases in root exudates produced through primary production in the 
form of sugars and organic acids have also been positively correlated with CH4 emissions 
(Aulahk 2001).
Changes in water table position affect the soil oxygen regimes. As the distance 
between the soil surface and the underlying water table increases sediments have more 
exposure to oxic conditions and CH4 flux rates will decrease (Roslev and King 1996). As 
the below ground water table rises towards the soil surface, exposure to anoxic conditions 
will increase flux rates (Roslev and King 1996). Water level above the sediment surface
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will have similar effects. As water depth increases sediments have less exposure to oxic 
conditions and production will increase (Rask et al. 2002). Inversely, decreases in water 
depth will cause exposure to more oxic conditions and decrease CH4 production (Rask et 
al. 2002).
Temperature, primary production, and water table level are highly variable on 
both temporal and spatial scales. CH4 production has been shown to vary seasonally with 
these environmental variables as well as on small scales, such as on a diurnal level, to 
interannually (USEPA 2010). Higher sediment gas volume has been observed in the 
summer months when compared to winter gas volumes (Martinez and Anderson 2013). 
This is due to stimulation of microbial activity by rising temperatures as well as elevated 
methanogenic substrate availability during summer months causing increases in CH4 flux 
(Martinez and Anderson 2013). Diurnal changes in flux measurements have been 
observed with higher flux measurements during the daytime when photosynthesis rates 
and temperatures are high (Zhang and Ding 2011). Within-site differences in flux rates 
have also been observed among areas based on dominant vegetation and water depth 
(USEPA 2010).
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Research Objectives
CH4 is a major contributor to global climate change. Rates of CH4 production and 
oxidation rely on environmental factors such as dominant vegetation and water depth as 
well as other environmental factors such as air, soil, and water temperatures. The degree 
to which wetland and lake systems could act as a CH4 source is dictated by the 
prevalence of these microbial processes. However, no general consensus has been 
reached on which factors most tightly regulate flux rates in wetlands. Due to the lack of 
consensus on the effects of environmental variables on CH4 flux, this study aims to 
evaluate the effects of water depth as well as dominant vegetative type on CH4 flux in a 
freshwater wetland.
In this study, research addressed the following objectives:
1. Evaluate the effects of lake water depth on CH4 flux rates by analyzing flux in 
shallow (0.5 m) and deep water (2.0 m) areas.
2. Evaluate the effects of dominant vegetative type on CH4 flux rates by analyzing 
flux in three different groups of aquatic macrophytes in non-inundated, saturated 
soils: the invasive common reed (Phragmites australis), a native broadleaf cattail 
(Typha latifolia), and sedge grasses (Carex spp.).
3. Study the impacts of seasonal variation and environmental factors (air 
temperature, soil temperature, water temperature) on CH4 flux rates.
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Methods and Materials
Study Site
Lake Wapalanne (41°13'37"N 74°45'2"W) is a small, freshwater lake located in 
Sussex County, NJ (Figure 6). Though is it called a lake, the majority of Lake 
Wapalanne is classified as a wetland according to the United States Army Corp of 
Engineers and United States Environmental Protection Agency definitions (USACE 
1987). Only the deepest area of the lake at approximately 2 meters depth supports deep­
water habitat as described by the U.S. Fish and Wildlife Service (Cowardin et al. 1979). 
It is located within the New Jersey School of Conservation (NJSOC), the environmental 
education and field campus of Montclair State University. Established in 1949, the 
NJSOC is the United States’ oldest university operated environmental education field 
center and covers an area of 240 acres. It is located in New Jersey’s Ridge and Valley 
Physiographic province and lies within Stokes State Forest, a permanently protected 
mixed hardwood, secondary growth forest (Pope et al. 2009). The area was originally 
cleared for agricultural purposes. The lake was created in the 1930’s when the Civilian 
Conservation Corps built a dam and a spillway on a tributary of the Big Flat Brook 
(Olsen 2013). The spillway is the main control of water level maintaining a relatively 
constant level year round. The lake covers an area of 4.9 hectares with a mean depth of 
0.89 m (Olsen 2013). Water exits the lake to the North flowing into Big Flat Brook. 
Overgrowth of aquatic plants and algae has been observed in the lake. Hydroraking as 
well as the use of herbicides have been employed to remove sediments and control 
submerged aquatic vegetation.
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Site Selection
Five study habitats were selected (Table 1). Three of the five were along the 
shore and characterized as being non-inundated and experienced soil saturation 
throughout the entirety of the study. Saturated sites harbored emergent macrophytes and 
differed by dominant vegetative type. Saturated sites were not inundated at any point 
during the study but experienced some pooling water caused by topographical variation. 
Five species from the genus Carex were identified in this sedge meadow including Carex 
emoryi Dewey, Carex leptalea Whalenb., Carex scoparia Schkuhr ex Willd., Carex 
sterilis Willd., and Carex vesicaria L.. For this investigation, all species from the genus 
were pooled and are hereafter referred to as Carex. This vegetation type was located on 
the southwest shore of the wetland. The native cattail, Typha latifolia L. dominated site 
(hereafter referred to as Typha) was located on the southern shore of the wetland and the 
invasive reed species Phragmites australis (Cav.) Trin. ex Steud. dominated site 
(hereafter referred to as Phrag) was on the eastern shore.
Table 1. Study site names, water depth, and vegetation characteristics
Site Name Water Depth (m)
Dominant Vegetation 
Species
Dominant Vegetation 
Type
Carex 0 Carex spp. Emergent
Typha 0 Typha latifolia Emergent
Phrag 0 Phragmites australis Emergent
Shallow 0.50 Ceratophyllum demersum Submerged
Deep 2.00 Myriophyllum spicatum Submerged
The two remaining study sites were open water submerged sampling sites chosen
based on water depth (Table 1). All submerged sites were inundated throughout the 
entirety of the study. Due to damming of the wetland outlet, water level remained
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constant throughout the study. The shallow water site (hereafter referred to as Shallow) 
at Lake Wapalanne’s southern end was characterized by a depth of 0.5 m. Substrate at 
the shallow water site was dominated by the native submerged aquatic vegetation species 
coontail (Ceratophyllum demersum L.). The deep water site (hereafter referred to as 
Deep) at the wetland’s northern end was characterized by a water depth of 2.0 m. 
Substrate at this site was dominated by the invasive submerged species Eurasian 
watermilfoil {Myriophyllum spicatum L.).
Figure 6. Map of Lake Wapalanne, Sussex County, NJ (41°13'37"N 74°45'2"W) with 
study sites and sampling locations highlighted. New Jersey location given.
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CH4 Flux Measurement
Portable gas chambers were used to collect gas samples for CH4 flux 
measurements. Construction of gas chambers followed the Chamber-based Trace Gas 
Flux Measurement Protocol with the modification of using translucent chambers (Parkin 
and Venterea 2010). Chamber transparency has not been found to affect gas flux 
measurements (Morin et al. 2014). Using enclosed chambers, static or portable, allows 
for measurements of changing gas concentrations in the headspace of well-defined areas 
at a microscale (Lai et al. 2012). Chambers were made of non-reactive materials (PVC 
and polyethylene), cover an area of 0.283 m2 (30 cm diameter), and have a 10 cm vent 
tube to allow for pressure equalization upon placement and during sampling. Emergent 
vegetation gas sampling chambers (Figure 7) consisted of two separate parts. A chamber 
anchor was driven into the soil approximately 30cm below the sediment surface to 
remain static throughout the duration of the study. Four replicates were established at 
each site by driving four separate anchors. All anchors were placed three days before 
initial sampling began and remained in place for the duration of the study. Portable caps 
were constructed with a diameter of 30 cm and a height of 150 cm. Floating chambers 
were used at submerged sites (Figure 8) and were built with a diameter of 30 cm and a 
height of 50 cm. Floating chambers were affixed to 5.08 cm thick pieces of foam 
insulation to serve as flotation devices. Weights were used to help anchor the floating 
chambers and to create a gas tight environment. Due to the high surface area of the foam 
pieces, adhesion of water molecules to the lower surface of the floating chamber allowed 
for a gas tight seal when chambers were placed upon the water’s surface.
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Sampling occurred once a month from April 2013 to October 2013. All samples 
were taken between 10:00 and 15:00 local time. During a sampling event, a series of 
samples were taken at 5 min intervals over a 30 min period after enclosure. Previous 
studies have established 30 minutes as being an adequate sampling time period for the 
analysis of CH4 flux rates (Singh, et al. 2000; Yang et al. 2006; Zhu et al. 2010). 25 mL 
samples were taken from the chamber headspace using a gas tight syringe and injected 
into 10 mL headspace vials that had been autoclaved and vacuumed to -50 kPa prior to 
sampling. Samples were stored at 4°C until analysis. Samples were analyzed within 2 
days after collection using a Hewlett-Packard 5890 Series II Gas Chromatograph 
equipped with a thermal conductivity detector. At the time of sampling, soil 
temperatures (°C) were recorded at non-inundated sites using a soil thermometer probe 
inserted into the substrate to a depth of 20 cm. Ambient temperatures (°C) were recorded 
at the time of sampling at non-inundated sites using a laboratory thermometer. Water 
temperatures (°C) were measured at the time of sampling at inundated sites using a YSI 
556 Multi-Probe System.
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Portable Cap
Polyethylene bucket ring 
(30 cm diameter)
1" PVC tubing
Polyethylene sheeting
10 cm vent tube
Rubber septa
Anchor
Polyethylene bucket 
(30 cm diameter, bottom removed)
PVC cups
35 cm
Figure 7. Labeled diagram of emergent vegetation gas sampling chambers
1" PVC tubing Rubber septa 10 cm vent tube
Figure 8. Labeled diagram of floating gas sampling chambers.
Flux Calculation
A three point standard curve was first established by analyzing gases of known 
concentrations (0,2, and 120 ppm) using the gas chromatograph. The standard curve was 
then applied to sample concentrations in order to yield concentrations in the unit parts per 
million (ppm). Gas concentrations from the 30-minute sampling time series were plotted 
against time. A minimum of three data points from each seven point time series were 
used when plotting gas concentrations against time in order to reduce variance. Linear 
regression yielded a trend line in the form y=mx+b. The slope of this line (m) 
represented gas flux (ppm/min). Ppm min' 1 flux units were then converted to and 
represented as mg CH4-C m' hr* . Conversion was done as follows:
1 1 2  2 1 fiL U min * Lm  = juL gas m min
fiL gas m min * 60 min hr )= juL gas m hr
The ideal gas law (PV=nRT) was used to convert pL gas m" hr' to pmol gas m" hr' 
using field air pressure and temperature at the time of sampling
(atm* fiL gas m 2 h r l)/(0.08206 L atm K  1 m o f 1 * K)= jumol gas m 2 h r1 
jumol gas m 2 hr' * 12,000 mg 1,000,000 fimot1 =mg CH4-C m'2 h r1
Flux values from sample replicates were used to calculate mean monthly flux for each 
study habitat.
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Statistical Analyses
A two-way analysis of variance (ANOVA) was performed with SAS® using CH4 
flux data with habitat and month as independent variables and CH4 flux as the dependent 
variable, p -values lower than were deemed statistically significant. Pearson’s correlation 
test performed with SAS® was used to analyze the effects of environmental variables 
(ambient temperature, soil temperature, and water temperature) on CH4 flux. /7-values 
lower than were deemed statistically significant.
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Results
Water Depth and CH4 Fluxes
Significant differences in flux (mg CH4-C m'2 hr'1) were found between non- 
inundated and submerged sampling sites (F= 16.60, p<0.0001) (Table 2). All submerged 
sampling sites exhibited positive flux values every month that sampling took place 
(Figure 9). All non-inundated sampling sites experienced negative flux values, or 
exhibited CH4 consumption, in all months of the study period with the exception of Carex 
in April (0.0006 mg CH4-C m'2 hr'1) (Figure 12). Monthly differences when all values 
were pooled were not deemed statistically significant.
CH4 gas was produced and released from submerged areas with an overall 
average CH4 flux of 0.0114 mg CH4-C m’2 hr''at the Shallow site (monthly flux range of 
0.0001 to 0.0485 mg CH4-C m'2 hr'1) and an overall average of 0.0011 mg CH4-C m'2 hr' 1 
at the Deep site (monthly flux range of 0.0002 to 0.0023 mg CH4-C m'2 hr'1). The 
Shallow site was observed to produce more CH4 than Deep in all months with the 
exception of April (0.0001 mg CH4-C m'2hr'' at Shallow and 0.0023 mg CH4-C m'2 hr' 1 
at Deep). Differences in flux values between inundated sites were found to be 
statistically significant. (F=43.11,/?<0.0001) (Table 3).
Table 2. Two way ANOVA results using flux data at all water depths, statistical 
significance at p<0.05
Parameter Degrees of Freedom F-value p-value
Depth 2 16.60 <0.0001
Month 6 0.76 0.6020
Month* Depth 12 1.21 0.2877
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Table 3. Two way ANOVA results using flux data at inundated sampling, statistical 
significance atp<0.05.
Parameter Degrees of Freedom F-value p-value
Depth 1 43.11 <0.0001
Month 6 17.24 <0.0001
Month* Depth 6 16.80 <0.0001
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Figure 9. Average CH4 fluxes (mg CH4-C m~2 hr'1) (±SD) for submerged sites over the 
course of the study with Shallow site shown in purple and Deep site shown in green.
Temperature Influencing CH4 Fluxes and Water Depth
A clear seasonal trend in monthly CH4 flux values was not observed (Figure 9). 
Shallow flux was lowest in April (0.0001 mg CH4-C m'2 hr'1) and increased in May 
(0.0039 mg CH4-C m'2 h r1) until reaching its peak in June (0.0485 mg CH4-C m*2 hr'1). 
Flux decreased sharply in July (0.0016 mg CH4-C m'2 h r1) and then increased in both 
August and September (0.0113 mg CH4-C m'2 hr' 1 and 0.0126 mg CH4-C m"2 hr' 1 
respectively). Deep flux was at its maximum in April at the beginning of sampling
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(0.0023 mg CH4-C m^hr'1), decreased in May (0.0016 mg CH4-C m^hr'1), and increased 
in June (0.0017 mg CH4-C m" hr ). A decrease of more than 50% occurred from June to 
July (0.0008 mg CH4-C m'2hr''), followed by a slight increase August (0.0009 mg CH4-C 
m'2 hr'1) before reaching a minimum in September (0.0002 mg CH4-C m'2 hr'1) and 
increasing again into October (0.0006 mg CH4-C m^hr'1). However, monthly 
differences in flux for inundated areas were deemed significant (F=17.24, /t<0.0001) 
(Table 3). Differences in month and depth had interacting effects on flux rates at 
inundated sites.
Linear regressions for water temperature and flux showed positive relationships at 
both submerged sites (Figures 10 and 11). CH4 fluxes at both submerged sites correlate 
positively with water temperature. Correlations between water temperature and CH4 flux 
were significant at the Shallow site (/?<0.0001) but insignificant at Deep (p>0.05) (Table 
3).
Table 4. Pearson’s correlation test using water temperature and CH4 flux, statistical 
significance atp<0.05.
Site Correlation coefficient p-value
Shallow 0.802 <0.0001
Deep 0.074 0.7579
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Figure 10. CH4 flux vs. water temperature regression for the Shallow site.
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Figure 11. CH4 flux vs. water temperature regression for the Deep site.
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Emergent Vegetation and CH4 Fluxes
All sites exhibited net consumption during the course of the study with negative 
overall average flux rates. The Phrag site had the highest consumption rate with an 
overall average flux value of -0.0815 mg CH4-C m' hr" with a flux range of -0.1696 to - 
0.0034 mg CH4-C m"2 hr"1. Typha had the second highest consumption rate with an 
overall average flux value of -0.0805 mg CH4-C m" hr" with a flux range of -0.1907 to - 
0.0115 mg CH4-C m"2 hr"1. Carex exhibited the lowest rate of consumption with an 
overall average flux value of -0.0334 mg CH4-C m" hr" with a flux range of -0.0670 to 
0.0006 mg CH4-C m"2 hr"1). No statistically significant difference was found among CH4 
flux values in emergent vegetation areas (F=3.05,/?=0.0892) (Table 5).
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Figure 12. Average CH4 fluxes (mg CH4-C m"2 hr'1) (±SD) for Carex, Typha, and Phrag 
sites from April to October with Carex shown in green, Typha shown in blue, and Phrag 
shown in red.
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Table 5. Two way ANOVA results using emergent vegetation flux data, statistical 
significance at p<0.05
Parameter Degrees of Freedom F-value p-value
Vegetation Type 2 3.05 0.0892
Month 6 2.53 0.0123
V egetation* Month 12 0.85 0.5979
Temperature Influencing CH4 Fluxes in Emergent Vegetation Areas
All vegetation treatments showed clear seasonality in CH4 flux over the course of 
the study (Figure 12). Minimum consumption values for all treatments were exhibited in 
April (-0.0155 mg CH4-C m'2 hr' 1 for Typha, -0.0034 mg CH4-C m'2hr_1 for Phrag, and 
production was exhibited at Carex with a flux of 0.0006 mg CH4-C m'2 hr"1). All 
treatments showed a general increasing trend in CH4 consumption until maximum 
consumption was reached in mid- to late summer. Typha exhibited its maximum 
consumption rate of -0.1907 mg CH4-C m'2 hr' 1 in July. Phrag reached its maximum 
consumption value at -0.1696 mg CH4-C m'2hr' 1 in August and Carex at -0.0670 mg 
CH4-C m" hr' in September. A decrease in CH4 consumption rates was seen in all 
treatments from their maximum consumption to the end of the study. CH4 flux rates were 
significantly different among months (F=2.53,/?=0.0123) (Table 5).
Methanotrophy was found to increase as ambient temperature increased at all 
emergent sites (Figures 13, 14, and 15). Correlations between ambient temperature and 
CH4 consumption were significant at the Typha site (p=0.0450) yet non significant at 
Phrag (p>0.05) and Carex (p>0.05) with consumption increasing as temperature 
increases. Methanotrophy was also found to increase with increases in soil temperatures 
at all emergent sites (Figures 16, 17, and 18). However, correlations between soil
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temperature and CH4 flux were found to be significant only at Typha (p=0.0075) (Table
7).
Figure 13. CH4 flux vs. air temperature regression for the Carex site.
Figure 14. CH4 flux vs. air temperature regression for the Typha site.
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Figure 15. CH4 flux vs. air temperature regression for the Phrag site.
Table 6. Pearson’s correlation test using ambient temperature and CH4 flux for emergent 
vegetation sites, statistical significance at p<0.05
Site Correlation coefficient /7-value
Carex -0.320 0.1105
Typha -0.413 0.0450
Phrag -0.295 0.1720
Figure 16. CFL* flux vs. soil temperature regression for the Carex site.
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Figure 17. CH4 flux vs. soil temperature regression for the Typha site.
Figure 18. CFL* flux vs. soil temperature regression for the Phrag site.
Table 7. Pearson’s correlation test using soil temperature and CH4 flux, statistical 
significance at p<0.05.
Site Correlation coefficient p-value
Carex -0.219 0.2819
Typha -0.531 0.0075
Phrag -0.290 0.1796
Discussion
Water depth and CH4 fluxes
Non-inundated areas were seen to consume CH4 while submerged areas were seen 
to produce CH4 with differences in flux values being significant. Oxygen concentrations 
in submerged sediments are inherently low with reduction reactions causing soil redox 
potential to fall to about -200mV allowing methanogenesis to occur (Chowdhury and 
Dick 2013). The presence of emergent vegetation likely led to rhizosphere oxygenation 
along with a lack of inundation allowing for oxygen diffusion into the saturated 
sediments (Ding et al 2004). These conditions may have allowed for high rates of 
methanotrophy where reducing conditions allowed for methanogenesis to be the 
dominant process at submerged areas.
All submerged sampling sites showed CH4 production in the form of positive flux 
values in all months. The Shallow site had significantly higher flux values than Deep. 
CH4 transport methods from the sediment into the atmosphere are limited to diffusion and 
ebullition at submerged sites. Ebullition was observed in both sampling sites on Lake 
Wapalanne. When bubbling does occur it is the dominant method of CH4 release in lake 
open water areas (Bartlett et al. 1988). In submerged areas lacking vegetation, CH4 
emission has been linked almost exclusively to ebullition (Holzapfel-Pschom 1986). 
Bastviken et al. (2004) found that ebullition of CH4 shows water depth dependence. As 
depth increases the probability of ebullition was shown to decrease (Bastviken et al.
2004). Bastviken et al. (2004) attributed this ebullition increase with water depth 
decrease to a reduction in the amount of hydrostatic pressure that must be overcome for 
bubble release. Less overlying water decreases the force applied to sediments that act to
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contain CH4 bubbles. Ebullition dependence on water depth has also been observed in 
the Amazon basin with falling water levels causing increases in ebullition occurrence 
(Bartlett et al. 1988).
The quantity as well as quality of available methanogenic substrate will influence 
the amount of CH4 production within a given single wetland system (Bergman et al. 
1998). Any organic compound available for anaerobic decomposition can act as 
methanogenic substrate with some materials being of higher methanogenic quality (i.e. 
sugars in root exudates) than others (i.e. dead plant material) (Bergman et al. 1998). A 
larger quantity or higher quality available substrate will cause increases in CH4 
production (Bergman et al. 2000). Lake Wapalanne inflow occurs at the southern end of 
the wetland near the Shallow sampling site. Inflow brings in a flux of organic 
compounds to the shallower depositional environment. This influx of methanogenic 
substrate at the Shallow site likely contributes to higher flux rates when compared to 
Deep (Bergman et al. 1998). With low flow rates in the system, the high quality 
methanogenic materials settle out of the water column before reaching the Deep 
environment rendering them unavailable. Dependence of CH4 production on substrate 
variation has been previously observed in lake sediments. Hershey et al. (2014) found 
that acetate-enrichment of Alaskan lake sediments causes overall increases in CH4 flux 
when compared to control treatments. CH4 dynamics can be significantly influenced by 
the loading of allochthonous organic materials (Bastviken et al. 2004).
Dominant submerged vegetation may play a role in between site differences for 
submerged sites due to altering sediment redox conditions. The invasive M. spicatum 
was observed to populate the substrate at the Deep site. Radial oxygen loss has been
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observed in the root system of M. spicatum (Laskov et al. 2006). Oxygen produced 
internally through photosynthesis diffuses into the rhizosphere. CH4 oxygenation rates 
may be elevated in sediments at the Deep site compared to Shallow accounting for lower 
flux rates. Substrate at Shallow was dominated by the native C. demersum. 
Ceratophyllum demersum has adapted to develop modified leaves in order to anchor into 
the substrate yet does not produce roots (Keskinkan et al. 2004). Sediment oxygenation 
from this submerged aquatic species has not been documented.
Emergent Vegetation and CH4 fluxes
All areas sampled containing emergent vegetation were deemed areas of CH4 
consumption exhibiting negative flux values with the Phrag site exhibiting the highest 
overall average consumption rates. Plant species with internal convective through flow 
such as P. australis and T. latifolia have been shown to have higher internal oxygen 
concentrations in roots and rhizomes than plants relying on diffusion alone (Armstrong et 
al. 1990; Bendix et al. 1994). This enhanced ability to transport oxygen into the 
sediments likely accounts for higher consumption rates at Phrag and Typha sites 
compared to Carex. Carex spp. rely solely on diffusive transport of gases through their 
aerenchyma with no documented pressurization methods of oxygen transport to root 
tissue in any of the approximately 1800 Carex spp. (Frodin 2004).
Convective throughflow has been documented in P. australis through both 
Venturi- and humidity induced pressure flow (Armstrong et al. 1992). Temperature 
changes have been reported to influence pressurized throughflow in P. australis as well 
(Kim et al. 1998). Bendix et al. (1994) documented convective throughflow in T.
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latifolia induced by pressure and temperature changes. Unlike in P. australis, Venturi- 
induced pressure flow has not documented in T. latifolia. P. australis has also been found 
to have slightly higher total biomass than T. latifolia (Sutton-Grier and Megonigal 2011) 
which has been correlated with increases in CH4 consumption (Strom et al. 2005).
Slightly higher biomass and increased methods of throughflow convection may account 
for slightly higher sediment oxygenation and CH4 consumption rates at Phrag.
Similar studies where gas chamber headspace is sampled have found negative 
CH4 flux rates during sampling periods in both vegetated and non-vegetated wetlands 
(Bartlett et al. 1990; Johansson et al. 2004; Zhu et al. 2007; Altor and Mitsch 2008; Wang 
et al. 2008; Miao et al. 2012) suggesting that atmospheric CH4 may move into the 
subsurface and be consumed when sufficient oxidation is occurring. Altor and Mitsch 
(2008) found consumption occurring both when vegetated sites experienced inundation 
and when sites were non-inundated. Furthermore, vegetated areas were found to 
consume CH4 during sampling events in all seasons with consumption values ranging 
from -7.01 to -0.15 mg CH4-C m~2 hr' 1 (Altor and Mitsch 2008). Consumption was also 
observed at an individual sampling time at a rate of -0.02 mg CH4 m'2 hr"1 in a shrub- 
moss dominated plot in a chamber based study of CH4 flux in a Chinese peatland (Miao 
et al. 2012). Consumption as high as -15.625 mg CH4 m=2 hr' 1 was observed in an 
inundated, non-vegetated area of a constructed Swedish wetland where all flux 
measurements were made during the growing season (Johansson et al. 2004)
Though temperature increases have been shown to stimulate methanotrophic 
activities (He et al. 2012), net consumption has never been documented over the course 
of an entire growing season at emergent vegetation sites in freshwater wetlands. Well-
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aerated upland soils have been shown to exhibit net CH4 consumption with rates similar 
to those found at emergent vegetated areas in this study (Bom et al. 1990; Adamsen and 
King 1993). Flux rates of 1 to 3 mg CH4 rrf2 day' 1 were found in a laboratory flux study 
using upland forest soils from Quebec, Canada (Adamsen and King 1993). A yearlong 
field based study of soil CH4 flux in Germany showed CH4 consumption at every 
sampling period (Bom et al. 1990).
In similar field based wetland studies, the installation of boardwalks before the 
start of the study period was employed in order to minimize sediment disturbance and 
avoid the release of sediment CH4 (Bubier et al. 1995; Ding et al. 2003; Ding et al. 2004; 
Minke et al. 2014). Budget and time constraints did not allow for boardwalk constmction 
for this study. Sediment disturbance during sampling may have allowed for CH4 release 
and diffusion back into sediments over the course of the sampling period. Future studies 
in non-inundated wetlands should focus on limiting sediment disturbances through the 
installation of boardwalks or sampling platforms prior to the start of the study period.
Temperature Influence on CH4 Fluxes
It has been found that increasing lake sediment temperature will increase CH4 
fluxes due to increasing the metabolic activity of methanogens (Due et al. 2010; Borrel et 
al. 2011). Sediment temperature was influenced by water temperature, resulting in the 
positive relationship between CH4 flux and water temperature in this study. Relationships 
between CH4 flux and water temperature were significant at the Shallow site (p<0.0001). 
The significance at the Shallow site is likely due to sediments being closer to the water 
surface and more greatly affected by changes in ambient temperature and sunlight
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exposure than at Deep (Hoffman et al. 2010). Correlation between water temperature and 
flux likely account for significant differences in flux among months at submerged sites. 
The reliance of sediment temperature changes on depth likely accounts for the significant 
interacting effect between depth and month on fluxes.
Lack of correlation between water temperature and flux at Deep is possibly due to 
the fact that Deep water temperatures could not be recorded at the sediment/water 
interface due to the presence of submerged vegetation. Measurements had to be taken in 
the water column 1 meter above the sediment/water interface. Temperatures at this depth 
can vary greatly from temperatures at the sediment/water interface during summer 
months. Because of this, water temperature data may not be representative of the Deep 
environment sampled.
All vegetated sites exhibit seasonality in CH4 oxidation with increasing 
consumption from the start of the growing season, reaching a maximum negative in the 
mid to late summer months with differences in fluxes among months being statistically 
significant. Seasonality in wetlands however has only been associated with positive CH4 
flux values or production. Positive flux values start low in the spring and increase until 
reaching a maximum positive flux value in the summer or early autumn (Sun et al. 2011). 
Minnesota Car ex spp. dominated peatland were found to increase from the start of 
sampling in May and peak at the end of June with a range of 11 to 866 mg CH4 m'2 d' 1 
(Crill et al. 1988). Temperature dictated the seasonality of flux values with a temperature 
increase from 10°C to 20°C increasing flux 5.4 to 13 times (Crill et al. 1988). Positive 
correlations between CH4 flux and soil temperature have also been observed in Italian 
rice paddies (Meijide et al. 2011).
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Seasonality in CH4 consumption has been documented in aerated soils where net 
consumption occurs. In well-aerated upland soils in Germany, CH4 uptake was 50% 
higher in summer months compared to winter (Bom et al. 1990). CH4 oxidation in a 
Danish spmce forest was also shown to peak during summer months with oxidation 
positively correlated with soil temperature (Prieme and Christensen 1997). CH4 flux 
correlated negatively with increasing ambient temperature at all vegetated sites with 
correlations being significant at Typha. Differences in sediment oxidation linked to 
changes in ambient temperature likely account for this relationship. Thermally induced 
convective through flow has been documented in T. latifolia (Bendix et al. 1994) as well 
as in P. australis (Grosse et al. 1991; Schütz et al. 1991; Armstrong et al. 1992; Van Der 
Nat et al. 1998). It is likely that as ambient temperature increased, air was forced into the 
rhizosphere decreasing potential for methanogenesis and increasing the potential for CH4 
oxidation.
Correlations between flux and soil temperature as well as flux and ambient 
temperature were significant only at the Typha site yet monthly flux differences at 
emergent vegetation sites were significant. Seasonality in CH4 flux has been found when 
correlation between flux and temperature were absent. Flux values in a Northeast China 
dominated by Eriophorum vaginatum reached their maximum in late August with ranges 
between 0.49 and 1.33 mg CH4 m‘2 h r 1 (Miao et al. 2012). However, flux showed no 
correlation with temperature or other environmental variables recorded during the study 
(Miao et al. 2012). No correlation between environmental variables indicates a complex 
interacting effect of environmental variables on flux values (Miao et al. 2012). With 
relationships between soil temperature and CPU flux being insignificant, significant flux
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differences in emergent vegetation areas in this study may be explained by this 
interacting relationship between dominant vegetation, soil temperature, and lack of 
inundation. A laboratory study by Bergman et al. (2000) supports the idea of a 
synergistic relationship between environmental variables controlling CH4 flux 
seasonality. They found that temperature alone did not account for seasonal variation but 
suggested variation in methanogenic substrate quality, anaerobic microbial biomass, as 
well as temperature controlled CH4 flux (Bergman et al. 2000).
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Conclusions
Climate change is a global problem with effects that will only be magnified in 
years to come. Its adverse effects will be felt in both natural and anthropogenically 
altered systems unless an adequate solution is conceived. Mitigating the presence and 
release of GHGs is a clear first step in solving the problem of climate change. Emergent 
plants have been found to facilitate the removal of CH4 from earth’s atmosphere in non- 
inundated, saturated wetland sediments most likely due to their ability to oxygenate the 
rhizosphere and underlying sediments. Future wetland construction and restoration 
projects should focus on their inclusion in non-inundated, saturated areas. Though 
interspecific differences in CH4 oxygenation were not observed in this study, plants 
known to exhibit pressure induced throughflow have previously been found to be more 
efficient at sediment oxygenation. The invasive Phragmites australis is currently favored 
when emergent vegetation is planted in constructed wetlands (Brix 1994b) with the 
findings of this study as well as associated literature support its use. The results of this 
study suggest limitation of sediment disturbance with the construction of pre-installed 
boardwalks.
The results of this study suggest deeper water depth in inundated areas should be 
favored over shallow inundation in future wetland construction and restoration projects 
with inundated areas. Saturated sediments are more likely to be oxygenated than 
inundated sediments. In constructed wetlands, horizontal subsurface flow systems (HF) 
are the most commonly used rather than free water surface (FWS) designs that allow 
inundation and water to atmosphere contact (Vymazal 2005). HF systems exhibit 
sediment/atmosphere contact due to lack of inundation and should continue to be favored
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over FWS when trying to promote oxic sediment conditions. A third option, vertical flow 
(VF) wetlands, allow for intermittent sediment aeration during dosing of wastewater for 
treatment (Fan et al. 2013) and are gaining popularity (Vymazel 2005). VF wetlands 
should be favored over all other wetland types during construction due to their ability to 
reduce sediment anoxia and theoretically reduce CFL* production. Emissions rates from 
constructed wetlands areas experiencing water flow pulses were found to emit less CH4 
than the same areas in periods of steady flow (Altor and Mitsch 2008) further 
emphasizing the importance of intermittent aeration in wetlands.
Water depth should also be maximized in an effort to reduce CH4 production in 
areas that are inundated. Lake management strategies such as dredging and hydroraking 
may be employed to deepen water as well as increase water quality and decrease 
macrophyte presence (Ryding 1982; Olsen 2013). Removal of sediments from the lake 
bottom by digging deeper into lake sediments and increasing the removal volume will 
result in increased lake depth, decreased temperature at the water/sediment interface, and 
increased hydrostatic pressure on underlying sediments. Lower water temperatures and 
increased hydrostatic pressure on underlying sediments will likely impede CH4 
production and release.
Wetlands may play a significant role in solving the problem of climate change by 
influencing the global carbon cycle. CH4 is both produced and consumed in wetlands 
around the globe. Physical alteration of wetlands can limit the amount of CH4 released 
into Earth’s atmosphere. Limitation in the release of this potent GHG may play a major 
role in stopping the advance of climate change.
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Appendices
Appendix A.l. CH4 concentration (ppm) time series data for all replicates used for
analysis during the month of April. * represents a value that was removed due to 
sampling or analytical error.
Time (min) Carex A Carex B Carex C Carex D
0.000 2.8283 2.9598 2.4770
*
5.000 3.1840 3.4074 2.3564
10.000 3.3854 3.4309 2.3366
15.000 3.4927 * 2.2646
20.000 3.5301 * 2.2219
25.000 3.6984 3.8204 *
30.000 3.6984 3.7168 2.2058
Time (min) Typha A Typha B Typha C Typha D
0.000
* *
* *
5.000 35.6356 53.4662
10.000 32.9185 51.2363
15.000 32.9722 47.0214
20.000 30.9959 44.2198
25.000 29.5003 45.6632
30.000 * 42.9726
Time (min) Phrae A Phrae B Phrae C Phrae D
0.000 * 5.8636
5.1250
4.8876
3.6345
3.5221
*
* *
*
5.000 3.4419 3.0539
10.000 3.3001 2.6673
15.000 2.5240 2.7070
20.000 2.5527 2.4101
25.000 * 2.3836
30.000 * *
Time (min) Shallow A Shallow B Shallow C Shallow D
0.000 2.5012 * 2.2822 3.0737
5.000 3.4655 * 3.0862 3.6911
10.000 4.1372 22.6491 * 4.3628
15.000 4.4194 22.3632 3.8954 4.3452
20.000 5.3197 21.8384 4.3092 4.7810
25.000 * * 4.3893 5.0471
30.000 6.0231 17.8962 4.6186 *
Time (min) Deep A Deep B Deep C Deep D
0.000 2.2910 3.6477 2.2227 3.4361
5.000 4.0130 4.0152 3.4618 3.2861
10.000 4.1365 4.7979 3.5301 3.6712
15.000 * * 4.2724 4.1409
20.000 5.5108 * 5.5417 5.5204
25.000 6.6228 * 7.3357 6.4942
30.000 6.5574 7.8061 8.5976 7.0116
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Appendix A.2. CH4 concentration (ppm) time series data for all replicates used for
analysis during the month of May. * represents a value that was removed due to 
sampling or analytical error.
Time (min) Carex A Carex B Carex C Carex D
0.000 10.2645 9.5819 2.8204 28.0369
5.000 12.2348 8.8157 2.7787 24.8438
10.000 12.3057 6.8006 2.8712 23.0115
15.000 14.5864 5.3801 3.0569 18.8687
20.000 14.9266 4.9332 3.4852 15.5428
25.000 15.5973 4.5147 3.3934 12.9585
30.000 15.4891 4.0223 * 10.5241
Time (min) Typha A Typha B Typha C Typha D
0.000 * *
*
56.8604
5.000 107.3366 198.3395 46.8917
10.000 102.1291 * 32.8056
15.000 91.6472 * 25.2966
20.000 76.6367 213.0217 *
25.000 68.5271 210.3807 13.1174
30.000 60.4295 213.9618 11.0523
Time (min) Phrag A Phrag B Phrag C Phrag D
0.000 59.5126 42.9563 * 52.4528
5.000 49.2269 41.2740 * 49.7886
10.000 41.6963 35.6130 28.9642 44.1493
15.000 35.0423 33.6106 25.4309 38.6904
20.000 29.3477 * 22.9167 36.9432
25.000 26.8618 31.3896 * 34.7804
30.000 20.5868 29.4655 17.9040 34.9468
Time (min) Shallow A Shallow B Shallow C Shallow D
0.000 4.4573 8.7008 8.8769 *
5.000 5.1242 9.8079 10.1795 5.9635
10.000 11.2217 11.7820 11.1366 6.3634
15.000 10.4764 12.0132 12.1572 6.4306
20.000 11.0411 15.0101 15.5398 6.8573
25.000 14.9415 16.9752 16.3403 7.2326
30.000 15.2996 15.9680 * *
Time (min) Deep A Deep B Deep C Deep D
0.000 2.3452 * 2.3012 2.7622
5.000 2.6929 5.2899 3.1107 3.3225
10.000 3.0763 4.6968 4.4125 *
15.000 3.7903 3.7582 4.7811 4.0656
20.000 3.8224 3.5255 * 4.9131
25.000 3.9350 3.7306 6.3724 *
30.000 5.0571 * 6.6857 5.9292
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Appendix A.3. CH4 concentration (ppm) time series data for all replicates used for
analysis during the month of June. * represents a value that was removed due to 
sampling or analytical error.
Time (min) Carex A Carex B Carex C Carex D
0.000 91.4893
*
8.6086 116.1369
5.000 88.2832 8.4808 *
10.000 82.1889 8.1297 86.2946
15.000 75.6550 * 93.1667
20.000 77.1025 7.7144 74.7351
25.000 67.5052 7.4297 78.2253
30.000 61.0031 * 68.8573
Time (min) Typha A Typha B Typha C Typha D
0.000
*
* 182.4298 55.3667
5.000 171.1476 185.5479 51.1109
10.000 152.1884 * 33.7973
15.000 102.2168 179.9272 25.0915
20.000 60.6527 * *
25.000 59.1356 154.8872 *
30.000 42.4788 136.4827 *
Time (min) Phraa A Phraa B Phraa C Phraa D
0.000 * 48.5913 *
*
5.000 63.6971 37.0745 59.0693
10.000 53.1400 35.9408 45.0910
15.000 47.7763 37.0745 34.4737
20.000 45.9703 34.4934 24.5626
25.000 35.2922 28.5235 20.0606
30.000 29.6491 22.8338 13.3088
Time (min) Shallow A Shallow B Shallow C Shallow D
0.000 6.7756 2.6584 5.3647 7.9755
5.000 39.5521 32.9038 14.5176 15.2623
10.000 29.4387 59.6564 24.7926 28.4613
15.000 62.7197 69.2699 * 46.4776
20.000 63.6180 97.6579 75.9661 47.4550
25.000 75.9120 144.8496 73.8085 59.8059
30.000 110.8611 157.1261 89.4466 73.8896
Time (min) Deep A Deep B Deep C Deep D
0.000 2.3669 * 2.0294 2.1707
5.000 3.0020 2.8465 3.2131 3.8962
10.000 3.4681 3.9754 4.1742 3.7359
15.000 3.7285 3.9875 4.1823 4.5273
20.000 * 4.9913 4.3447 5.3105
25.000 4.5253 5.4546 6.7215 5.8983
30.000 4.8100 5.8665 6.1256 *
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Appendix A.4. CH4 concentration (ppm) time series data for all replicates used for
analysis during the month of July. * represents a value that was removed due to 
sampling or analytical error.
Time (min) Carex A Carex B Carex C Carex D
0.000 61.1232 * 61.3704 *
5.000 70.7660 127.1981 52.7532 83.0982
10.000 76.7377 116.6436 43.9991 67.2247
15.000 80.8067 109.0263 39.8669 59.5095
20.000 * 94.7151 30.8490 42.2826
25.000 84.8272 87.1672 24.9093 34.5646
30.000 91.8126 77.5779 19.8917 25.2759
Time (min) Typha A Typha B Typha C Typha D
0.000 34.7896 * 512.6614 97.4232
5.000 21.5159 * 420.8854 60.9808
10.000 15.2859 * 390.2008 38.7830
15.000 12.2202 197.5248 336.5393 *
20.000 10.0294 182.7623 304.3132 *
25.000 9.6087 172.9993 279.8850 *
30.000 2.9149 * 252.8111 *
Time (min) Phrae A Phrae B Phrae C Phrae D
0.000 581.6131 62.2272 20.9735 54.2329
5.000 524.6741 60.3031 20.3340 49.2396
10.000 457.4583 51.2950 18.0162 37.7226
15.000 395.3809 42.5770 14.7290 32.7953
20.000 286.8982 32.4593 13.0444 26.1161
25.000 304.5979 30.0345 13.0979 26.4654
30.000 276.8227 23.2372 11.4967 *
Time (min) Shallow A Shallow B Shallow C Shallow D
0.000 * 4.6508 4.5084 6.0965
5.000 5.2244 5.0889 6.2652 *
10.000 7.3457 5.0147 * 7.4505
15.000 7.5630 5.6424 6.7013 7.8560
20.000 7.6429 5.4986 6.9172 8.0408
25.000 * * * 11.5675
30.000 8.4817 * 8.0519 11.2210
Time (min) Deep A Deep B Deep C Deep D
0.000 7.8283 3.6710 2.4253 5.1271
5.000 7.7866 * * 5.6549
10.000 * 3.6655 3.6065 6.0159
15.000 * * * *
20.000 7.9567 * 4.7876 *
25.000 7.9415 4.7362 * *
30.000 7.9762 4.1911 4.8258 *
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Appendix A.5. CH4 concentration (ppm) time series data for all replicates used for
analysis during the month of August. * represents a value that was removed due 
to sampling or analytical error.
Time (min) Carex A Carex B Carex C Carex D
0.000 * 233.1540 * 106.1007
5.000 * 220.7737 28.1599 94.6063
10.000 260.1109 220.5101 27.7975 74.2092
15.000 259.5105 210.7802 27.3011 78.7191
20.000 256.0695 200.5304 26.6766 71.7800
25.000 246.4128 188.2819 26.1670 63.0560
30.000 236.2435 178.9034 * 55.7647
Time (min) Tvpha A Tvoha B Tvpha C Tvpha D
0.000 265.9313 52.1502 * 211.6001
5.000 * 42.1750 206.4606 201.2845
10.000 257.1604 35.3128 204.7035 171.8017
15.000 245.6733 29.1021 200.0765 161.2371
20.000 242.8693 25.1333 * 154.6407
25.000 240.6070 22.0386 190.3685 141.2135
30.000 229.1858 16.1845 185.3973 132.3401
Time (min) Phrag A Phrag B Phrag C Phrag D
0.000 * 160.8930
*
482.5969
5.000 291.2922 156.5149 435.6456
10.000 283.6707 149.9477 391.9596
15.000 276.9718 136.4620 342.2921
20.000 275.4782 129.5726 295.5238
25.000 257.4752 118.7445 264.9283
30.000 255.2422 107.8797 241.9981
Time (min) Shallow A Shallow B Shallow C Shallow D
0.000 10.2711 14.8689 5.8183 25.7380
5.000 10.5208 15.1522 5.6821 25.5996
10.000 * 15.4231 7.6625 43.6495
15.000 * 18.9658 7.7621 41.3038
20.000 12.3818 26.6451 16.8471 63.6519
25.000 21.9097 28.0925 18.0595 67.1164
30.000 21.8834 27.8319 * 66.8806
Time (min) Deep A Deep B Deep C Deep D
0.000 4.1944 * 3.4162 3.1614
5.000 * 3.2273 3.3598 3.5765
10.000 4.2289 * * *
15.000 4.2303 3.4286 * *
20.000 4.2618 3.4323 5.7370 5.5020
25.000 4.2984 3.5099 6.3432 5.8073
30.000 * 3.9155 6.4370 6.2276
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Appendix A.6. CH4 concentration (ppm) time series data for all replicates used for
analysis during the month of September. * represents a value that was removed 
due to sampling or analytical error.
Time (min) Carex A Carex B Carex C Carex D
0.000 77.6301 74.2464 21.4347 136.8047
5.000 64.5907 58.1014 20.4020 123.4020
10.000 63.5271 53.8927 19.1124 102.5786
15.000 59.5525 * 17.5167 94.2991
20.000 43.0186 * 16.8575 81.3735
25.000 35.2830 * 15.9738 73.0338
30.000 33.4040 * 14.9925 61.4015
Time (min) Typha A Typha B Typha C Typha D
0.000 27.3001 * 94.0422 50.7182
5.000 20.2787 * 89.9612 40.9047
10.000 15.3639 15.8821 80.3899 33.7732
15.000 11.1911 15.7756 73.3069 26.4369
20.000 10.0820 12.6004 66.8257 21.7768
25.000 8.5267 9.6512 61.4727 16.9706
30.000 * 2.6430 52.1128 13.2764
Time (min) Phrag A Phrag B Phrag C Phrag D
0.000 106.1605 37.7940
*
248.8123
5.000 73.6372 37.0740 203.2239
10.000 * 34.0132 166.5168
15.000 48.4325 32.0116 134.3312
20.000 33.9802 30.3520 96.4277
25.000 25.8196 28.7343 77.7402
30.000 18.5142 * 57.8181
Time (min) Shallow A Shallow B Shallow C Shallow D
0.000 1.7351 3.5267 5.6135 3.0357
5.000 9.9822 9.0185 8.9209 3.3917
10.000 10.3323 26.3738 9.9565 4.5426
15.000 10.0894 26.3070 15.2222 6.1831
20.000 20.1282 41.1329 17.4991 17.8771
25.000 20.4673 43.3687 19.2489 17.7743
30.000 22.0175 48.7650 22.7449 17.6312
Time (min) Deep A Deep B Deep C Deep D
0.000 2.4353 4.0332 2.1454 2.0507
5.000 2.3634 3.2508 * *
10.000 2.7076 2.9065 2.5256 2.4191
15.000 2.6606 2.6929 2.7693 2.8625
20.000 2.6944 * 2.6753 2.9234
25.000 3.0107 * 3.1025 *
30.000 * * * 4.1382
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Appendix A.7. CH4 concentration (ppm) time series data for all replicates used for
analysis during the month of October. * represents a value that was removed due 
to sampling or analytical error.
Time (min) Carex A Carex B Carex C Carex D
0.000 132.9465 10.4088 5.0420 8.3587
5.000 128.9208 8.3163 4.7434 7.6124
10.000 126.4810 7.9855 4.8360 7.3519
15.000 120.0299 6.7835 3.7230 7.3081
20.000 114.0380 6.8366 3.2293 6.0739
25.000 111.1963 5.8012 3.2286 5.9447
30.000 109.0149 * * *
Time (min) Tvnha A Typhia B Typha C Typha D
0.000 38.9265 42.6881 35.2833 129.7819
5.000 33.7419 36.6934 31.2526 119.2190
10.000 22.9379 28.6442 25.9575 111.8278
15.000 17.5459 20.8232 23.4919 90.6231
20.000 14.9813 16.5456 20.5670 81.4307
25.000 13.0029 13.0660 17.7139 69.0466
30.000 12.5573 10.4253 17.1312 64.9362
Time (min) Phrae A Phrae B Phrae C Phrae D
0.000 * 5.4861 *
*
5.000 18.0045 5.3405 *
10.000 14.4338 4.9695 26.6062
15.000 12.5451 4.7312 24.5719
20.000 10.2832 4.2411 23.1223
25.000 8.2065 4.1744 21.6355
30.000 5.7108 3.7675 21.2085
Time (min) Shallow A Shallow B Shallow C Shallow D
0.000 2.7765 * 2.3596 2.8856
5.000 2.7227 2.5361 3.3104 3.2609
10.000 2.8806 2.7450 4.2124 3.0406
15.000 3.2344 3.3506 4.5518 7.5420
20.000 3.8902 3.7202 4.8583 7.8865
25.000 3.8565 3.4618 6.1614 9.9617
30.000 4.4908 4.0481 6.4090 9.6805
Time (min) Deep A Deep B Deep C Deep D
0.000 * 2.5254 * 2.6251
5.000 2.5993 2.7679 2.9086 2.9380
10.000 2.8705 3.2049 2.9997 2.8634
15.000 2.8591 3.5644 2.8827 3.1411
20.000 * 4.1285 3.1698 3.4188
25.000 2.8906 * 3.4360 3.6498
30.000 3.2092 * 3.4496 *
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Appendix B. Flux values (mg CH4-C m'2 h r ') from all sample replicates. * represents a 
value that could not be determined due to sampling or analytical error.
April May June July August September October
Sedge A 0.0012 0.0081 -0.0426 0.0397 -0.0534 -0.0668 -0.0401
Sedge B 0.00105 -0.0088 * -0.0882 -0.0777 -0.0902 -0.0077
Sedge C -0.0004 0.0013 0.0003 -0.0607 -0.0045 -0.0010 -0.0039
Sedge D * -0.0273 -0.0628 -0.1016 -0.0679 -0.1102 -0.0045
Typha A * -0.0908 * -0.0390 -0.0518 -0.0324 0.0430
Typha B * 0.0028 -0.2382 -0.1075 -0.0498 -0.0288 -0.0522
Typha C -0.0127 * -0.0662 -0.3592 -0.0387 -0.0618 -0.0291
Typha D -0.0184 -0.0699 -0.0935 -0.2570 -0.1180 -0.0542 -0.1088
Phrag A -0.0031 -0.0563 -0.0555 -0.4742 -0.0653 -0.1235 -0.0214
Phrag B -0.0056 -0.0203 -0.0295 -0.0611 -0.0799 -0.0170 -0.0027
Phrag C * -0.0246 -0.0773 -0.0149 * * -0.0125
Phrag D -0.0014 -0.0291 * -0.0530 -0.3636 -0.2816 *
Shallow A 0.0017 0.0056 0.0435 0.0016 0.0059 0.0097 0.0009
Shallow B -0.0036 0.0042 0.0752 0.0007 0.0079 0.0232 0.0009
Shallow C 0.0011 0.0047 0.0438 0.0015 0.0078 0.0084 0.0021
Shallow D 0.0011 0.0009 0.0317 0.0027 0.0234 0.0091 0.0044
Deep A 0.0021 0.0012 0.0011 0.0001 0.0001 0.0003 0.0003
Deep B 0.0021 0.0013 0.0017 0.0004 0.0003 -0.0013 0.0013
Deep C 0.0031 0.0022 0.0020 0.0012 0.0017 0.0006 0.0004
Deep D 0.0020 0.0016 0.0020 0.0013 0.0015 0.0010 0.0006
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